Ethofenprox, pyraclostrobine, trifloxystrobin and enestroburin are strobilurin fungicides that can effectively control fungal diseases caused by ascomycetes, zygomycetes, imperfect fungi, etc. With the purpose of guaranteeing the safe use of strobilurin fungicides in the prevention and treatment of citrus diseases, toxicity and control effects of the fungicides on citrus storage diseases and GC-MS (gas chromatography-mass spectrometry) were applied in this study to determine its residual safety. The results indicated that ethofenprox, trifloxystrobin, pyraclostrobine, and enestroburin had excellent inhibitory effects on citrus storage diseases at concentration of 200-400 μg/mL. Degradation dynamics of 4 fungicides during the storage period of citrus could be expressed as the first-order kinetics equation. The fungicides could penetrate into flesh through peels slowly. Therefore, the residue content of the fungicide on peels was higher than that in the flesh of the same citrus. After citrus fruits were treated for 90 d, the residues were lower than the maximum residue limits in all the countries, so the citrus were safe. This investigation provided the theoretical guidance and technical support for the quality evaluation of citrus products.
is a synthetic analogue of fungal metabolites of strobilurins and oudemansins (Bartlett et al., 2002; Balba, 2007; BASF Corporation, 2008; Lu et al., 2015; Xie et al., 2015) . Strobilurin fungicides such as ethofenprox, pyraclostrobine, trifloxystrobin and enestroburin are bactericides, but they can also control fungal diseases caused by ascomycetes, zygomycetes and imperfect fungi with protection, treatment, eradication, penetration and absorption activities effectively (Kanetis et al., 2004 (Kanetis et al., , 2007 (Kanetis et al., , 2008 . Compared with commonly used fungicides, strobilurin fungicides including ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin have wider bactericidal spectrum, higher bactericidal activity and the mechanism of action is unique. Strobilurin fungicides can be quickly degraded in plants, soils and water . Moreover, they are environmentally friendly and can effectively protect a variety of crops from diseases. So, strobilurin fungicides have been intensively adopted by many countries such as America and Brazil to control the diseases of citrus or other diseases (OChoa-Acuna et al., 2009; Mahoney & Gillard, 2014; Benelli et al., 2016; Debona et al., 2016a Debona et al., , 2016b Woodward et al., 2016) . The residue levels and degradation pattern of strobilurin fungicide on various horticultural crops were widely investigated (Marin et al., 2003; Wang et al., 2014; Xue et al., 2014; You et al., 2015; Campillo et al., 2015; Raina-Fulton, 2015; Wu et al., 2016; Li et al., 2016; Guo et al., 2017; Kolosova et al., 2017; Zhao et al., 2017) . However, the levels, dose and effectiveness of strobilurin fungicide used in postharvest treatments for citrus fruit were seldom explored in terms of controlling decay. In this paper, we explored the effects of ethofenprox, pyraclostrobine, trifloxystrobin and enestroburin on the prevention and control of the fungus P. italicum and P. digitatum of citrus as well as the inhibition effects along with residue safety assessment during citrus storage. The study provided the theoretical basis and technical support for the quality and safety inspection of Chinese citrus and other agricultural products.
Materials and Methods

Reagents and Materials
The fungus P. italicum and P. digitatum were obtained from China General Microbiological Culture Collection Center.
Citrus were harvested on April 21 2017 in an experimental orchard under standard horticultural practices in Zhaoqing City, Guangdong Province, China. Citrus were randomly harvested from 10 trees. The fruits were picked from the outer edge of the canopy of each tree, placed in plastic boxes, delivered to the laboratory immediately after harvest, graded, sized, returned to the boxes (40 fruits individually numbered per box), and grouped into eight treatments (each treatment containing nine fruit boxes).
Inhibition Effects of the Fungicides on P. digitatum and P. italicum of Citrus
The antifungal activities of different fungicides on citrus against P.digitatum and P.italicum were determined by mycelial growth assays (Liu et al., 2007) . The antifungal activities were determined in vitro by transferring plugs (5 mm in diameter) of mycelium from the leading edge of an actively growing colony to a series of PDA (potato dextrose agar) plates containing 0.5, 1.0, 2.0, 4.0 and 8.0 μg/mL fungicides. Added with distilled water, PDA plates were used as the control. For each concentration, three replicates were arranged. The diameters (minus the diameter of the inoculation plug) of the colonies were measured in 7 days after incubation at 28 °C in darkness. The median effective concentration of the fungicides (EC 50 ) for the isolates were calculated based on linear regression of colony diameter on log-transformed fungicide concentration. The experiment was performed in three replicates. The growth inhibition rates of fungicides against P. digitatum and P. italicum are calculated as:
Inhibition rate (%) = Colony diameter of control -Colony diameter of treatment Colony diameter of control -0.5 × 100%
(1)
Control Effects of the Fungicides on Citrus Storage Diseases
Dip treatments were performed according to the method described by Schirra et al. (2002) . The experiments were carried out with freshly harvested citrus. Fruits were submerged in the commercial fungicide solution (5% of ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin) for 5 min and then washed by tap water and naturally dried. Fruits were punctured to generate the wounds (approximately 5 mm in depth) with a nail at four sites around the equator. Fungal strains used in these experiments were P. digitatum and P. italicum. Inoculums contained conidia (10 4 conidia/mL) and antifungal compounds (strobilurin fungicide, at desired final concentrations). 10 μL of the inoculum were applied onto each wound. For each treatment, three replicates (five fruits per replicate and four wounds per fruit) were prepared in each experiment. Then the treated fruits were stored at 20 °C under the relative humidity of 90%. Symptoms were recorded at different days post-inoculation (dpi) as the number of infected wounds in each replicate. Standard solutions were prepared as follows. The stock solutions of the fungicides were diluted by adding hexane to obtain the following final concentrations: 0.05, 0.1, 0.2, 0.4 and 0.8 μg/mL. All standard solutions were stored at 4 °C before using. The concentrations of the fungicide samples were determined by GC-MS. About 1.0 μL of aliquots were injected directly into the GC-MS system. Quantifications of strobilurin fungicide (ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin) were based on the external standard method.
Extraction, Clean-Up Procedures of the Fungicide Residues From Citrus Samples
To investigate the efficiency of extraction and clean-up procedures, recovery experiments were carried out at different levels to establish the reliability and validity of the analytical method. Fruit samples were weighed and peeled. The peel was weighed and its percentage with respect to the whole fruit weight was calculated. The peel was then minced with a mincing knife and was homogenized. The samples were stored in a freezer at -20 °C until analysis. Citrus samples (20 g) were homogenized in 30 mL of acetonitrile with a high-speed homogenizer for 3 min. In recovery experiments, ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin were added to the samples respectively. The three final concentration of ethofenprox was 0.005, 0.5 and 1.0 μg/g, so was that of trifloxystrobin. The three final concentration of pyraclostrobine was 0.01, 0.5 and 1.0 μg/g, so was that of enestroburin. A blank control group was also arranged and all the experiments were repeated three times. Ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin were extracted from citrus samples according to QuEChERS method after different cleaning treatments (Anastassiades et al., 2003; Schenck & Hobb, 2004) . PSA (Primary secondary amine) (150 mg) and anhydrous magnesium sulfate (6 g) were added to the samples before centrifuging at 4000 rpm for 5 min. About 20 mL of the supernatant was collected and added into the centrifuge tubes containing Na 2 SO 4 . The supernatant was evaporated to near dryness with a vacuum rotary evaporator at 45 °C and to dry under a gentle nitrogen stream. The residue was redissolved in 1 mL of acetonitrile for clean-up.
TPH SPE sorbent column was activated with 10 mL of acetonitrile-toluene (V/V = 3/1) solutions and the sample extracts were loaded onto the SPE tubes. Then the SPE column was washed by 10 mL of acetonitrile-toluene (V/V = 3/1) solutions. Finally, the elution was collected in the conical vial and the obtained elution was evaporated to near dryness with a vacuum rotary evaporator at 45 °C and to dryness under a gentle nitrogen stream. The residue was redissolved in 1 mL of hexane prior to the GC-MS analysis.
Detection Method of the Fungicides From the Citrus Samples
The optimal operating parameters of GC-MS analysis were as follows. A Agilent Technologies Model GC 7890 series gas chromatograph coupled with an Agilent 5975 series mass-selective detector quadrupole mass spectrometer (Agilent Technologies, CA, USA) was employed for all analyses. Samples were separated on HP-5 MS capillary column. The oven temperature was initially maintained at 160 °C for 1 min and the temperature was raised to 280 °C at a rate of 15/min followed by isothermal period of 4 min. Then the temperature was raised to 300 °C at a rate of 10 °C /min followed by isothermal period of 4 min. The injector was heated to 280 °C and operated in the splitless mode and the injection volume was 1.0 µL. Ionization methods was EI + and the quadrupole temperature was 150 °C. Ion source temperature was 230 °C and the detection mode was the selective ion mode. The carrier gas was helium at a flow rate of 1.0 mL/min.
Degradation Dynamics of the Fungicides in the Citrus
After the fruits were treated with the fungicides, 5 citrus were collected from randomly selected sampling points at different time. Each citrus was divided into two parts: peel and flesh. Then the samples were mixed according to the quadrant sampling method. Finally, the samples were extracted, purified and analyzed according to the method described above.
Statistical Analysis
All statistical analyses were performed by the GraphPad InStat software and Statistica 8.0 software. The 95% significance level was adopted for all comparisons. The EC 50 and 95% confidence limits were estimated by Probit analysis. jas.ccsenet.
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Residues of the Fungicides in Citrus Peels and Fruit Flesh After Different Storage Times
The terminal residue of trifloxystrobin in the citrus peels was less than 0.3 mg/kg after the citrus were treated with trifloxystrobin WDG (50%) at concentrations of 400 µg/mL for 30 d. The terminal residue of pyraclostrobine in the citrus peels was 0.13 mg/kg after the citrus were treated by pyraclostrobin EC (250 g/L) at the concentration of 400 µg/mL for 90 d (Table 7) . The terminal residues of four kinds of fungicides in the citrus fruit flesh were lower than those in the peels after the citrus fruits were treated with four fungicides at the concentration of 400 µg/mL for 30, 60 and 90 d (Table 8) . Kanetis et al. (2004) . Investigations on strobilurin fungicide in postinoculation treatments on pear (Pyrus communis L.) showed that the new "low-risk" fungicides such as fenhexamid, fludioxonil and strobilurin fungicide had high activity against the gray mold caused by Botrytis cinerea, while blue mold caused by Pyrus expansum can beeffectively controlled only by fludioxonil and strobilurin fungicide (Adaskaveg & Forster, 2004) . In preinoculation treatments, fenhexamid effectively controlled gray mold, nevertheless, strobilurin fungicide effectively controlled blue mold. Sholberg et al. (2005) indicated that pre-or post-harvest applications of strobilurin fungicide could control gray and blue mold on stored apples effectively. Especially at 50 °C, postharvest treatments with strobilurin fungicide can effectively control green and blue mold in citrus. The maximum residue limits of ethofenprox, trifloxystrobin and pyraclostrobine show differences in different countries. In the European Union, the maximum residue of trifloxystrobin and pyraclostrobine on fruits like citrus were 0.3 and 1 mg/kg (CAC, 2016; European Commission, 2016; GB2763-2016 GB2763- , 2017 . In Japan, the maximum residue of ethofenprox, trifloxystrobin and pyraclostrobine are 1, 0.3, and 10 mg/kg, respectively. Therefore, it is essential to regulate the applied doses of the fungicides to remove the barrier of international trade and make the pulp processing safe. In this study, after the leaching treatment with 400 µg/mL ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin, the residue of fungicides in the whole storage process was lower than 0.3 mg/kg, which was below the maximum residue limit. Degradation dynamics of 4 fungicides during the citrus storage period was proposed on the basis of the first-order kinetics equation. As a result, strobilurin fungicides could penetrate into flesh through the peels and the residues in the peels were higher than that in the flesh in the same citrus. After being treated for 3 d, the residues in the citrus were lower than the maximum residue limits required in European Union and Japan. The residues in the citrus were lower than the maximum residues in other countries and the treated citrus were safe fruits after the citrus were treated for 90 d.
Conclusions
This study revealed that ethofenprox, trifloxystrobin, pyraclostrobine and enestroburin could efficiently control the storage diseases of citrus at the concentration of 200-400 µg/mL. The fungicides could penetrate into flesh through the peels when the citrus were treated with strobilurin fungicide and the residues of the peels were higher than that of the flesh in the same citrus. After the citrus were treated for 90 d, the residue level in the citrus was lower than the maximum residue limits specified in different countries and the citrus were safe.
